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Title: Case-hardening of gtainless steal 
Technical Field 

5 The present invention relates to a method according to the preamble of claim 1 , 
Background Art 

- Thermo-chexnical surface treatments of steel by means of carbon or nitrogen carry- 
10 ing gases are well-known processes, called case-hardening or carburizatioii or nitrid- 
ing. Nitro-carburization is a process in which a gas carrying both carbon and nitro- 
gen is used These processes are traditionally applied to improve the hardness and 
wear resistance of iron and low alloyed steel articles. The steel article is exposed to a 
carbon and/or nitrogen carrying gas at an elevated temperature for a period of time, 
15 whereby the gas decomposes and carbon and/or nitrogen atoms diffuse through the 
steel surface into the steel material. The outermost material close to the surface is 
transformed into a layer with improved hardness, and the thickness of this layer de- 
pends on the treatment temperature and, the treatment time, 

20 Stainless steel has excellent corrosion properties, but is relatively soft and has poor 
wear resistance, especially against adhesive wear. Therefore, there is a need of im- 
proving the surface properties for stainless steel. Gas carburization, nitriding and ni- 
tro-carburizing of stainless steel involve some difficulties, as the passive layer, caus- 
ing the good corrosion properties, acts as a barrier layer preventing carbon and/or ni- 

25 trogen atoms from diffusing through the surface. Also the elevated temperatures of 
the treatments promote the formation of chromium carbides or chromium nitrides. 
The formation of chromium carbides and/or chromium nitrides reduces the free 
chromium content in the material whereby the corrosion properties are deteriorated. 
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Several methods of case-hardening stainless steel have been proposed by which 
these drawbacks are minimized or reduced. 



It is known that a pre-treatment in a halogen-containing atmosphere provides an ef- 
5 fective activation of the surface. 



BP 0588458 discloses a method applying fluorine as an active component in a gas 
pre-treatment, where the passive layer of the stainless steel surface is transformed 
into a fluorine-containing surface layer, which is permeable for carbon and nitrogen 
10 atoms. 

Plasma-assisted theimo-chemical treatment and ion implantation have also been pro- 
posed. In this case the passive layer of the stainless steel is removed by sputtering, 
which is an integrated part of the process. 

15 

EP 0248431 Bl discloses a method for electroplating an austenitic stainless steel ar- 
ticle with iron prior to gas nitriding. The nitrogen atoms can diffuse through the iron 
layer and into the austenitic stainless steel. After gas nitriding, the iron layer is re- 
moved, and a hardened surface is obtained. In the only example of this patent, the 
20 process is carried out at 575° C for 2 hours. At this temperature, chromium nitrides 
are formed, whereby the corrosion properties are deteriorated 



BP 1095170 discloses a carburization process in which an article of stainless steel is 
electroplated with an iron layer prior to carburization. A passive layer is avoided, 
25 and carburization can be earned out at a relatively low temperature without the for- 
mation of carbides. 

NL 1003455 discloses a process in which an article of iron or a low alloyed steel is 
plated with a layer of e.g. nickel before gas nitriding. Nickel protects the iron from 
30 oxidation and serves as a catalytic surface for the decomposition of the NH 3 gas. The 
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process can be carried out at temperatures below 400°C, and the purpose is to obtain 
a pore-free iron nitride layer. 

Disclosure of Invention 

The object of the invention is to provide a new and improved method for case- 
hardening stainless steel. The object of the invention is obtained by a process ac- 
cording to the preamble of claim 1, wherein the- top layer includes metal which is 
catalytic to the decomposition of the gas carrying the carbon or/and nitrogen atoms 
and which is one or more of the metals Ni, Ru, Co or Pd. The metal layer protects 
the stainless steel surface from oxidation and acts as a catalytic surface for the de- 
composition of the gas. As a result, the process temperature can be kept below the 
temperature at which carbides and/or nitrides are formed, and the process can be fin- 
ished within a reasonable period of time. After the thermo-chemical treatment, the 
catalytic metal layer can be removed to expose and repassivate the hardened 
stainless steel surface. 

When carbon atoms, nitrogen atoms or both diffuse into stainless steel* the metastat- 
ic S-phase is formed. S-phase is also called "expanded austenite" and has carbon 
and/or nitrogen in a solid solution at an upper stable temperature of about 450°C 
when it is nitrogen-stabilized, and at about 550°C when it is carbon-stabilized. 
Thus, the process according to the invention can be carried out at temperatures up to 
450 Q C or 550°C to obtain S-phase. 

Until now, S-phase in stainless steel has almost only been obtained by plasma- 
assisted or ion implantation-based processes. Tests have established that the forma- 
tion of S-phase at the surface does not negatively change the corrosion resistance of 
stainless steel. For nitrogen-stabilized S-phase an improvement of corrosion resis- 
tance can be obtained. . 
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When stainless steel is treated with the method according to the invention, the hard- 
ness and wear resistance are improved considerably without the deterioration of the 
corrosion properties. 

5 The ammonia synthesis, i.e. the production of NH 3 from H 2 and N 2 , involves the use 
of a number of catalytic metals, Traditionally, the process is carried out at tempera- 
tures in the range 400°C - 700°C at high pressures (>300 atm) in the presence of a 
catalyst material. Gaseous nitriding is in principle the reverse process of the ammo- 
nia synthesis,, where ammonia is dissociated on a metal surface producing N avail- 

10 able for diffusion into the material to be nitride A The conventional nitriding process 
is carried out within the same temperature interval as the ammonia synthesis process 
but at normal pressures. The catalytic metals available in the ammonia synthesis 
process are also found to promote the low-temperature catalytic reaction (ammonia 
dissociation) of the nitriding process. Known catalysts from the ammonia synthesis 

1 5 process include Fe, Ni 3 Ru, Co, Pd among others. 

According to an embodiment of the invention, the case-hardening is a nitriding proc- 
ess which is carried out with a nitrogen containing gas below a temperature at which 
nitrides are produced, preferably below approximately 450°C. 

20 

EP 024843 1 Bl discloses a method where an austenitic stainless steel article is elec- 
troplated with iron before nitriding at 575°C for 2 hours. As mentioned before, chro- 
mium nitrides are formed at this temperature. As disclosed on page 4, lines 13 to 18 
of KP 0248431 Bl, only the valve shaft of a valve is nitrided. The valve disk (Ven- 
25 tilteller) is protected from nitriding by an oxide layer in order not to reduce die 
corrosion resistance of the valve disk 
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Until now, nitriding of stainless steel without the formation of chromium nitrides 
has only been obtained by the process disclosed in EP 0588458 in which the passive 
layer is transformed into a fluorine-containing layer. The disadvantages of the proc- 
ess of EP 0588458 are that the process is complicated to control, as the depassiva- 
5 tion and the nitriding must be carried out at the same time and overexposure with 
fluorine may initiate pitting corrosion in stainless steel. A further disadvantage is the 
detrimental effect of fluorine on metallic parts in industrial furnaces. 

According to another embodiment of the invention the case-hardening is a carburiz- 
10 ing process with a carbon-containing gas, for example CO, and wherein the top layer 
is free of Fe. When a stainless steel article is provided with a top layer of iron, Fe- 
atoms wiH diffuse into the stainless steel article. After removal of the iron top layer, 
the surface-adjacent composition of stainless steel is diluted by incorporation of iron 
atoms which cause corrosion problems. Ni, Ru, Co or Pd are known as more noble 
15 metals than Fe and will not, even though atoms will diffuse into the stainless steel, 
deteriorate the corrosion properties of the stainless steel article. A further disadvan- 
tage of applying an iron layer is that iron easily corrodes, whereby carburising must 
be carried out immediately after applying the iron layer. A thin layer of iron will 
corrode completely within a few days, whereby the stainless steel will be exposed to 
20 air and thus create a chromium oxide layer. 

The carburizing is preferably carried out below a temperature, at which carbides are 
produced, preferably below approximately 550°C. When using a temperature close 
to but not exceeding 550°C and e.g. CO as gas, a sufficient thickness of the S-phase 
25 layer can be obtained at the surface of an austenitic stainless article within a reason- 
able time period, e.g. six hours. 

According to the invention the metal layer can be a nickel layer. Nickel is easy to 
apply and is excellent for the decomposition of carbon or nitrogen-containing gases. 
30 Nickel is furthermore easy to remove, e.g. by etching, after the thermo-chemical 
treatment 
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Within the field of case-hardening, nickel is known to be non-permeable for nitro- 
gen and carbon atoms. Therefore, nickel is sometimes used as a barrier layer at those 
locations where nitriding is not desired. However, as the tests, to be discussed later, 
5 show a stainless steel article provided with a thin top layer of nickel can be carbur- 
ized or nitrided whereby a hard surface is obtained without the precipitation of 
cabides or nitrides. 

According to a preferred embodiment the calculated maximum average thickness of 
10 the nickel layer does not exceed 300 nanometer, preferably 200 nanometer. A nickel 
layer of this thickness is sufficient to prevent oxidation and to allow carbon and/or 
nitrogen atoms to diffuse through the nickel layer into the stainless steel to form a 
satisfactory S-phase layer. 

15 According to yet a further embodiment of the invention the nickel layer on the sur- 
face of the stainless steel article can be chemically or electrolytically plated, e.g. in a 
Wood's nickel bath. 

According to a preferred embodiment the article is of austenitic stainless steel, e.g. 
20 AISI304orAISI316. 

According to an embodiment of the invention the catalytic metal layer is only ap- 
plied to parts of the surface of the stainless steel article. This could be advantageous 
if the case-hardened steel article is to be welded together with other articles. As the 
25 case-hardened surface is not suitable for welding due to sensitization, the non-case- 
hardened parts can be used for that purpose. 

Examples 



30 



The following examples with accompanying figures elucidate the invention. 
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In the following examples 1 to 6, disc-shaped stainless steel articles with a diameter 
of 2 cm and a thickness of 0.35 cm were all pre-treated in the following manner. 

A depassivation was carried out in a solution of 100 ml 15% w/w hydrochloric acid 
5 + 1 ml 35% hydrogen peroxide for 15 seconds. 

A catalytic nickel layer was electrodeposited, thickness < 200 nanometer (calculated 
average) in a Wood's nickel bath, which is an acidic halogenide-containing electro- 
lyte. 

10 

The case-hardening was carried out in a furnace flushed with pure NH 3 or pure 
CO. 

Example 1: 

1 5 Nitriding in pure NH 3 gas, austenitic stainless steel AISI 304 

An article of austenitic stainless steel AISI 304 was nitrided in pure NH 3 gas (maxi- 
mum nitriding potential) for 17 hours and 30 minutes at 429° C Heating to nitriding 
temperature was carried out in a hydrogen atmosphere (H^, whereafter the supply of 
the hydrogen gas was switched of£ and the nitriding gas was supplied. Cooling to 
20 room temperature was carried out in argon gas (Ar) in less than 10 minutes. The ar- 
ticle was analysed by optical microscopy and electron probe micro-analysis 
(EPMA). The formed layer was nitrogen S-phase and had a layer thickness not ex- 
ceeding 9 fim. The maximum concentration of nitrogen in the S-phase was more 
than 20 atom%. The analysis disclosed that no nitrides had precipitated. 

25 

Example 2: 

Nitriding in pure NH 3 gas, austenitic stainless stec! AISI 316, Figs 1 and 2 
An article of austenitic stainless AISI 316 was treated as described in Example 1, 
but at a temperature of 449° C for 20 hours. The article was analysed by light optical 
30 microscopy (LOM), X-ray diffraction analysis (XRD) and micro-hardness meas- 
urements. The LOM results are shown in Fig 1. The formed layer consisted of nitro- 
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gen S-pbase and had a layer thickness of 12 /im. The micro-hardness was more than 
1500 HV (load 100 g). The untreated stainless steel had a hardness between 200 and 
300 HV. No nitrides had precipitated. 

5 An austenitic steel article, heated in ammonia to 480° C and kept for 21 hours at this 
temperature, showed the development of chromium nitride CrN (and ferrite) close to 
the surface as well as locally in the S-phase layer (the dark regions in Fig 2). This 
result indicates that a high temperature of 480° C should be avoided to obtain a mo- 
nophase S-phase layer, 

10 

Example 3: 

Carburizing in pure CO gas, austenitic stainless steel AISI 316, Fig 3 

An article of austenitic stainless AISI 316 was carburized in pure CO gas for 6 hours 

at 507° C to form the carbon S-phase. Heating was carried out in a hydrogen atmos- 

15 phere (H 2 ), until the carburization temperature was obtained, and whereafter the 
supply of hydrogen was switched off and the CO gas was supplied. Cooling to room 
temperature was carried out in argon gas (Ar) in less than 10 minutes. The article 
was analysed by optical microscopy, X-ray diffraction analysis and micro-hardness 
measurements. The LOM results are shown in Fig 3. The formed layer was carbon 

20 S-phase having a layer thickness of 20 Jim (see Fig 3). The micro-hardness of the 
surface was more than 1 000 HV (load 100 g). No carbides had precipitated. 

Example 4: 

Carburizing + nitriding, austenitic stainless steel AISI 316 

25 An article of austenitic stainless steel AISI 316 was carburized as described in Ex- 
ample 3, but at the temperature of 500° C for 4 hours. Thereafter, the article was ni- 
trided as described in Example 1, but at a temperature of 440° C for 18 hours and 30 
minutes. Thus, two separate thermo-chemical processes were used, the one introduc- 
ing carbon and the other nitrogen. The article was analysed by light optical micros- 

30 copy analysis and micro-hardness measurements. The total layer thickness did not 
exceed 35 fim. The outermost layer was nitrogen S-phase, and the innermost layer 
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was carbon S-phase. The micro-hardness was more than 1500 HV. Neither nitrides 
nor carbides had precipitated. 

Example 5: 

5 Nitriding in pure NH 3 gas, Duplex stainless steel AISI 329, Figs 4 and 5 

Samples were nitrided for 23 hours and 20 minutes at 400° C. The metallurgical in- 
vestigations of the nitrided articles involved X-ray diffraction analysis (XRD) and 
light optical microscopy analysis (LOM). The stainless steel AISI 329 is a duplex 
steel consisting of ferrite and austenite. After nitriding at 400°C, ferrite is trans- 
10 formed into austenite (and S-phase) in the case-hardened zone. A LOM image of the 
article after treatment at 400°C is shown in Fig 4; the corresponding XRD pattern in 
given in Fig 5. It is obvious that the S-phase has developed along the surface of the 
duplex steel. 

15 Example 6: 

Nitriding in pure NH 3 gas, austenitic stainless steel AISI 316, Fig 6 

The AISI 316 steel article was treated at 400°C, 425°C and 450°C for 23 hours and 
20 minutes. The diffraction pattern shown in Fig 6 clearly shows that the S-phase is 
the only phase formed during the nitriding treatment 

20 

The case-hardening temperatures of the examples 1 to 6 above are in the range be- 
tween 400°C and 507°C. However, it is likely that S- phase also can be obtained at 
lower temperatures, e.g. 300°C or 350°C at high nitriding/carburising potentials 
within a reasonable time range. 

25 

Preliminary experiments have shown that S-phase also can be obtained with AISI 
420, which is a martensitic stainless steel, and AISI 17-4 PH, which is a martensitic 
precipitation hardening steel. 



30 
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Example 7: 

Comparison of corrosion properties of nitrided stainless steel samples provided 
with a top layer of Fe and Ni, respectively, Fig.7. 

AISI 316 specimens with a machined surface were examined. The samples were 
5 chemically activated in a solution of 50 ml HCL+ 50 ml water +1 ml H 2 0 2 . Fe and 
Ni were deposited electrochemically in order to compare the effect on the corrosion 
properties after nitriding. The deposition was performed for 40 sec. at a current den- 
sity of 6.5 A/dm 2 for both Fe and Ni. The samples were gas nitrided in 100% NH 3 
for 16 hours at 449°C. After the nitriding, the surface layers were removed cherai- 
10 cally (diluted HN0 3 ), The specimens were weighed before and after the nitriding 
treatment. Both samples gained 3.8 rag in weight due to uptake of nitrogen, irrespec- 
tive of the electrddeposited layer at the surface (Ni or Fe). This indicates that the 
dissociation reaction at the surface of the electrodeposited layer is not rate determin- 
ing. 

15 

Cyclic polarisation curves (Fig. 7) were recorded in a three electrode cell, using a 
PGP 201 Radiometer potentiostat interfaced with a computer. The test solution was 
5 wt% NaCl. The counterelectrode was a platinum sheet All the potentials reported 
are relative to the potential of a saturated calomel electrode (SCE). The scanning 
20 rate for the polarisation curves was 10 mV/min. 

The scans were started below the free corrosion potential (E cotr ), i.e. at a cathodic 
current Anodic polarisation scans were recorded up to a maximum potential of 
+1 100 mV or up to a maximum current density of 1.25 mA/cm 2 where the polarisa- 
25 tion was stopped. 

The anodic polarization curves depict the measured current density as a function of 
the applied potential. The free corrosion potential is -266mV and -134mV for Fe and 
Ni, respectively. Consequently, a more noble material is obtained after nitriding 
30 when using Ni as compared to Fe. 
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The passive current for the Fe sample is higher than for the Ni sample. Furthermore, 
the Fe curve exhibits what appears to be a pitting-repassivation behaviour, i.e. pit- 
ting is initiated and stopped. Pitting is seemingly more easily initiated on the Fe- 
sample. This is caused by the contamination of the stainless steel surface either by 
5 diffusion of Fe atoms into the steel matrix or by residues of Fe (nitride) at the sur- 
face. However, possible Fe-containing residues could also explain the step-like ap- 
pearance of the polarisation curve due to the corrosion of these. In any case, an infe- 
rior corrosion resistance is observed for the Fe-sample. 

10 The polarization curves show that the Fe-sample is inferior to the Ni-sample with 
regard to corrosion. Using Fe will most certainly contaminate the stainless steel at 
the nitriding temperature used. This effect will particularly be dominant during car- 
bur izing, due to the higher temperature involved here. 

15 The experiments have established that the nitriding treatments performed at a small- 
scale laboratory furnace can be readily transferred to an industrial furnace. 

In the examples 1 to 6, the catalytic layer of nickel was electrodeposited from a 
Wood's nickel bath. Alternatively, electroless nickel plating, e.g. contact plating 
20 might be applied. Palladium and ruthenium could be plated by ion exhange plating. 

The method according to the invention is suitable for nitriding or carburizing 'in 
situ "of ai plant Stainless steel pipes and tanks could be nickel-plated prior to install- 
ation. After installation, parts of the system, which are exposed to wear, could be 
25 heated and flushed with NH 3 or other nitrogen or carbon-containing gases. 

A very suitable method for applying a layer of electrolytic nickel on parts of a sur- 
face is brush-plating. 

30 It is the idea of the present invention to apply a surface layer on the stainless steel 
chosen from the selection of metals used in the ammonia synthesis process. 
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The same idea is followed with respect to carburizing, where the same catalytic met- 
als are applicable also. 

5 The material applied for the surface layer should include the well known materials 
from the ammonia synthesis processj either as pure metals (single layer), as alloys, as 
a metal layer doped with other metals and as multi-layers. 
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